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1 . The Rejections Under 35 U.S.C.^1 12. First Paragraph Should Be Withdrawn 

Claims 1-19 are rejected under 35 I'.S.C. $112 first paragraph. The Examiner 
alleges that while the specification is enabling for recombinant viral vectors such as adenovirus, 
lenti virus, and herpes simplex virus- 1 comprising nucleic acid molecules encoding inhibitors of 
1 1 - 1 p and inhibitors of Fas mediated apoptosis to reduce (3-ceIl dysfunction in vitro, does not 
reasonably provide enablement for the reduction and hence treatment for p-cell dysfunction in an 
individual. The Examiner asserts that the specification does not enable any person skilled in the 
art to which it pertains, or to which it is most nearly connected, to make or use the invention in 
scope w ith these claims. 

The Examiner maintains that at the time of filing, there was no confirmed success 
in any human gene therapy trial, including trials involving a method of reducing P-cell 
dysfunction in an individual with a pancreatic disorder. According to the Examiner, at the time 
the invention was made, successful implementation of gene therapy w as not routinely obtainable 
by those of skill in the art. 

Applicants assert that contrary to the Examiner's contention, there have indeed 
recently been confirmed successes in human gene therapy trials, f or example, the Examiner's 
attention is directed to the article of Cavazzana-Calvo et al. (2000, Science 288:669-672: Exhibit 
A) which reports on the successful use of gene therapy for the treatment of inherited severe 
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combined immunodeficiency (SCID). As stated on p. 071, col. 2, last paragraph of Cavaz/ana- 
Calvo et ah, " to date, this methodology has resulted in the sustained correction (up to 1 0 
months ) of the SCID-X1 phenotype in two patients/' Applicants assert that the data presented 
clearly demonstrates the successful use of gene therapy to provide full correction of disease 
phenotype and. hence, clinical benefit (sec Abstract; Exhibit A). 

In addition, in the same issue of Science reporting on the successful use of gene 
therapy for the treatment of SC'ID, is a review article that references recent publications that 
suggest progress in gene therapy for the treatment of hemophilia and for stimulation of new 
blood vessels as a means for treating cardiovascular diseases, f urthermore, early data 
demonstrate headway in the development of gene-based vaccines for treating several chronic 
infectious diseases and some types of cancers (see, Anderson. 2000, Science 288:027-029; 
Exhibit B). 

The Examiner alleges that the specification fails to provide an enabling disclosure 
for (i) nucleic acid molecules encoding the inhibitors of IL-lp; (ii) the use of promoters used in 
the instant invention; (iii) methods for delivery of genes to cells in tissue culture, (iv) the number 
of viral particles needed to transfect cells e.x vivo: (v) how pancreatic cells w ould be extracted 
and maintained prior to e.x vivo transduction; and (vi) delivery of e.x viva transduced cells to the 
host. 

The requirement for enablement can be found expressly stated in the first 
paragraph of 35 I. SC. ^1 12. which requires that the disclosure of an invention be "in such full. 



A32362 0723%. 0174 

clear, concise anil exact terms as to enable any person skilled in the art to w hich it pertains, or 
with which it is most nearly connected, to make and use the same...". The test for enablement is 
whether one reasonable skilled in the art could make or use the invention from the disclosure in 
(he patent coupled with information known in the art without undue experimentation. L .S. v 
Tclcctnmics, Inc. 857 F.2d 778, 8 L*SPQ2d 1217, ( Fed. Cir. 1988). 

The instant specification, as tiled, discloses (i) specific regulators of IL-lp 
activity (see, page 15, line 1 through page 16, line 4 of the specification) and inhibitors oiTasL 
triggered apoptosis (see, page 10, lines 5-1 7 of the specification); (ii) methods for deriving 
nucleic acid molecules encoding such regulators and inhibitors (sec, page 18, line 3 through page 
19. Im2); and (iii) recombinant expression vectors that can be utilized to express such nucleic 
acid molecules (see, page 19. line 8 through page 23. line 7 of the specification). Further, the 
specification describes methods for transfer and expression of nucleic acid molecules into 
pancreatic p-cells (see, page 23. line 10 through page 27, line 11 of the specification). Moreover, 
the working examples of the specification demonstrate the successful transfer of nucleic acid 
molecules into pancreatic p-cells. Finally, the specification teaches (i) methods for determining 
effective doses (see, page 28, line 1- 6 of the specification );(ii ) /// vivo methods of administering 
nucleic acids (see. page 27, lines 14-20 of the specification) and cx vivo methods of 
administering pancreatic cells to a recipient host (see. page 28. line 7 through page 31. line 2 of 
the specification); and (iii) co-administration of specific immunosuppressive agents to the 
recipient host to prevent graft rejection (see. page 20. lines 14-10 of the specification). 
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Applicants maintain that given the specific teachings of the specification, one 
skilled in the art could, without undue experimentation, practice the claimed methods of the 
invention. All that is required is that the skilled artisan, follow the teachings of the specification. 

In addition, the Examiner is reminded that a patent need not teach, and preferably 
omits, w hat is w ell known in the art. Lindenumn Mascliinenefahrik (iMBII v. American Hoist c<- 
Dcrrick Co., 221 USPQ481 (Fed. Cir. 1984). Applicants assert that given the teachings of the 
specillcation, and general knowledge that is well known in the art concerning, for example, (i) 
inhibitors of interleukin-1 activity (see, Dinarcllo et al., 1 998, Intern. Rev. Immunol. 16:457-499; 
Exhibit C; (ii) viral vectors for use in gene therapy (see. Robbins et al. TIBTFX11 , 1998, 16:35- 
40; Exhibit D); and (iii) successful transfer and expression of nucleic acids w ithin pancreatic (3- 
cells (see, Ju et al.. 1998. Diuhetologiu 41 :736-739: Exhibit E; and Csctc et al., 1995, 
Transplantation 59:263-268; Exhibit E) one skilled in the art could readily prepare and utili/e the 
claimed vectors without undue experimentation. 

In view of the f oregoing remarks, the rejections under 35 U.S.C. ^112. first 
paragraph, should be withdrawn. 

2. The Claimed Invention is Not Anticipated 

Claims 13-17 are rejected under 35 C.S.C. 102 (b) as being anticipated by 
Welling et al. (1996. Human Gene Therapy 7:1795-1802: "Welling"). The Examiner alleges that 
Welling discloses a recombinant adenoviral vector comprising a cDNA for human IE-1 receptor 
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antagonist. The Examiner maintains that Applicants disclose a recombinant adenoviral vector 
comprising a nucleic acid molecule encoding an inhibitor of IL-1 activity, therefore, the claimed 
invention is anticipated by Welling. 

A claim is anticipated and fails to meet the requirement of §102 when a single 
prior art reference discloses each and every element of the claimed invention. Lcw/nar Marine, 
Inc. v. HancnL 3 USPQ2d 1766 (Fed. Cir. 1987). 

Applicants have canceled claims 13-19 and added new claims 20-30. The new 
claims are specifically directed to the following types of adenoviral vectors: (l) vectors consisting 
essentially of adenoviral terminal repeats required for adenovirus replication (Claim 28); or(ii) 
vectors comprising a modified adenovirus H2 and H4 region (Claim 29) or a modified 
adenovirus E3 region (Claim 30). Since Welling only discloses the use of adenoviral vectors 
hav ing deletions in the viral El A LIB region (see. Welling, page 1796, column 2, second 
paragraph) and not those vectors hav ing the characteristics specified by new claims 28-30, the 
claims cannot be anticipated by Welling. Accordingly, Applicants respectfully request 
w ithdrawal of the §102 rejection. 

CONCLUSION 

Applicants have addressed each of the rejections set forth in the Office Action. 
Applicants submit that each of the rejections has been overcome or obviated by the foregoing 
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remarks. Applicants request that the Examiner reconsider the rejections and find claims 1-12 and 



new claims 20- in condition for allowance. 
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Gene Therapy of Human Severe 
Combined Immunodeficiency 
(SCID)-X1 Disease 
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Severe combined immunodeficiency-XI (SCID-X1) is an X-linked inherited 
disorder characterized by an early block in T and natural killer (NK) lymphocyte 
differentiation. This block is caused by mutations of the gene encoding the 7c 
cytokine receptor subunit of interleukin-2, -4, -7, -9, and -15 receptors, which 
participates in the delivery of growth, survival, and differentiation signals to 
early lymphoid progenitors. After preclinical studies, a gene therapy trial for 
SCID-X1 was initiated, based on the use of complementary DNA containing a 
defective 7c Moloney retrovirus-derived vector and ex vivo infection of CD34' 
cells. After a 10-month follow-up period, 7c transgene-expressing T and NK 
cells were detected in two patients. T, B, and NK cell counts and function, 
including antigen-specific responses, were comparable to those of age-matched 
controls. Thus, gene therapy was able to provide full correction of disease 
phenotype and, hence, clinical benefit. 



In considering diseases that might be amelio- 
rated by gene therapy, a setting in which a 
selective advantage is conferred by transgene 
expression, in association with long-lived trans- 
duced cells such as T lymphocytes, may prove 
critical. SCTD-X1 offers a reliable model for 
gene therapy because it is a lethal condition that 
is, in many cases, curable by allogeneic bone 
marrow transplantation (1-4). It is caused by 
7c cytokine receptor deficiency that leads to an 
early block in T and NK lymphocyte differen- 
tiation (13). In vitro experiments of 7c gene 
transfer have shown that 7c expression can be 
restored (5-7), as well as T and NK cell devel- 
opment (8-9), while the immunodeficiency of 
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7c" mice can be corrected by ex vivo 7c gene 
transfer into hematopoietic precursor cells (W, 
11). Long-term expression of human 7c has 
also been achieved by retroviral infection of 
canine bone marrow (12). It has been anticipat- 
ed that 7c gene transfer should confer a selec- 
tive advantage to transduced lymphoid pro- 
genitor cells because, upon interaction with 
interlcukin-7 flL-7) and 1L-15, the 7c cyto- 
kine receptor subunit transmits survival and 
proliferative signals to T and NK lymphocyte 
progenitors, respectively (2, .?). This hypoth- 
esis received further support from the obser- 
vation that a spontaneously occurring 7c gene 
reverse mutation in a T cell precursor in one 
patient led to a partial, but sustained, correc- 
tion of the T cell deficiency, including at least 
1000 distinct T cell clones (73, 14). Sponta- 
neous correction of the immunodeficiency 
has otherwise not been observed in several 
hundred 7c-deficicnt SCID patients nor in 
7c ~ mice (2-4 ) 

Two patients, aged 1 1 months (PI) and S 
months (P2), with SCID-X1 met the eligibility 
criteria for an ex vivo 7c gene therapy tnal. 



SCID-X1 diagnosis was based on blood lym- 
phocyte phenotype determination and findings 
of 7c gene mutations resulting either in a tail- 
less receptor expressed at the membrane (PI) 
(R289 X) or in a protein truncated from the 
transmembrane domain that was not expressed 
at cell surface (P2) (a frameshift causing dele- 
tion of exon 6) (15). After marrow harvesting 
and CD34 + cell separation, 9.8 x 10 6 and 
4.8 X 10 6 CD34 + cells per kilogram of body 
weight from PI and P2, respectively, were pre- 
activated, then infected daily for 3 days with the 
MFG 7c vector-containing supernatant (16). 
CD34" cells (19 X 10 6 and 17 X lO^/kg, 
respectively) were infused without prior che- 
moablation into PI and P2, ^20 to 40% and 
36% of which expressed the 7c transgene as 
shown by either semiquantitative PCR analysis 
(PI) or immunofluorescence (P2). As early as 
day +15 after infusion, cells carrying the 7c 
transgene were detectable by PCR analysis (1 7) 
among peripheral blood mononuclear cells. The 
fraction of positive peripheral blood mononu- 
clear cells increased with time (Fig. 1). T lym- 
phocyte counts increased from day +30 in PI 
(who had a low number of autologous T cells 
before therapy), whereas 7c-expressing T cells 
became detectable in the blood of P2 at day 
+ 60 (Fig. 2). Subsequently, T cell counts, in- 
cluding CD4 + and CD8""* subsets, increased to 
1 700/u.l from day + 1 20 to + 1 50 and reached 
values of ~2800/uJ after 8 months (Fig. 2). 
1 ransgenic 7c protein expression could not be 
studied on PI cells given the presence of the 
endogenous tail-less protein. However, semi- 
quantitative PCR performed at day +150 
showed that a high proportion of T cells carry 
and express the 7c transgene (Fig. 1, A and B). 
Similar results were observed at day +275. 
Southern blot analysis of provirus integration in 
peripheral T cells from both patients revealed a 
smear indicating that multiple T cell precursors 
had been infected by the retroviral vector (18). 

Immunofluorescence studies showed that 7c 
was expressed on the membrane of T cells in P2. 
The magnitude of expression was similar to that 
of control cells (Fig, 3A), as found in previous in 
vitro gene transfer experiments (5, 8, 9). These 
results indicate that sufficient transgene expres- 
sion had been achieved and that 7c membrane 
expression is likely to be regulated by the avail- 
ability of the other cytokine receptor suburuts 
with which 7c associates (3). Both ap and 70 T 
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Fig. 1 . 7c transgene integration and expres- 
sion. Primers used to detect both PCR and 
RT PCR products amplify a 904 -base pair 
stretch encompassing the 3' end of the 7c 

B^^^^^^^^^^^^h^h^^^h^^b sequence and downstream vector sequence 
^^^^^^^^^^^^^^^^^M (5). (a) Semiquantitative PCR analysis 
PHHH|^^^^^H leukocyte subset from 
Artin ^^m^^Qj^E^^HHi^^^^H Blood samples were drawn at day +150. T 

cells (CD3+), B cells (CD19 + ). monocytes 
(CD1<T) granulocytes (CD15 + ), and NK celis (CD56 + ) as well as CD34 + from a bone marrow sample 
obtained at day +150 from P2 were isolated by a FACStar plus cell sorter (Becton Dickinson) after 
staining with appropriate mAbs (79). Purity was >99%. Sorted cells were analyzed for the frequency of 
vector-containing cells (77). Actin DNA was amplified in parallel. Samples from peripheral blood 
mononuclear cells (PBMC) obtained before treatment are shown as negative controls. A standard curve 
was constructed by diluting cells containing one copy of the MFC 7c vector (5) with noninfected cells. 
All specimens were tested at three dilutions: 1:1, 1:20, and 1:200. (B) Semiquantitative RT- PCR analysis 
of leukocyte-subset RNA from PI. The same blood sample as in (A) was used. Actin cDNA was amplified 
in parallel as a control of RNA content. The standard curve was constructed as in (A) (77). No signal was 
detected in the absence of reverse transcriptase {not shown). Each specimen was diluted to 1:1, 1:500, 
and 1:5000. 
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Days after gene therapy 

Fig 2 Longitudinal study of lymphocyte subsets from patient 1 (P1) and patient 2 (P2). Absolute 
counts of f cells (CD3+. CD8 + , and CD4^), B cells (CD19 + ), and NK cells (CD16 + , CD56 + ) are 
shown as a function of time. Day 0 is the date of treatment, The scale for NK cells is on the right- 
hand side of each panel. 



cell receptor (TCR) -expressing T cells were 
detected (Fig. 3B). Polyclonals and V p TCR 
diversity were demonstrated by using antibodies 
specific for TCR V 0 (19) and the immunoscope 
method (18, 20). Ln both patients, naive 
CD45RA* T cells were detected, accounting for 
a majority of the T cell subset (Fig. 3B). In both 
patients, T cells proliferated from day +105 m 
the presence of phytohemagglutinin (PHA) and 
antibodies to CD3 (anti-CD3). The extent of 
proliferation was the same as that of age- 
matched controls (Fig. 4A). After primary vac- 
cination, in vitro T cell proliferative responses to 
tetanus toxoid (PI and P2: 18.000 and 12.000 



cpm, respectively) and polioviruses (P2: 38.000 
cpm) were observed within normal range (21). 
PI T cells were also found to proliferate in the 
presence of protein pure derivative (PPD) 
( 1 2,000 cpm) as a likely consequence of bacillus 
Calmerte-Guerin (DCG) persistence after immu- 
nization at 2 months of age in this immunocom- 
promised child. Five months after cessation of 
intravenous immunoglobulin (Ig) therapy, anti- 
bodies to tetanus and diphtheria loxoids as well 
as to polioviruses were found in the serum of 
both patients, together with detectable concen- 
trations of IgG and IgM (Fig. 4B). A normal 
level of IgA was also detected in the serum of 
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Fig. 3. yc protein expression and lymphocyte 
subsets. (A) -yc protein detection at the surface 
of lymphocyte subsets from a control and from 
P2 obtained at day +150. -yc expression on B 
cells from P2 after treatment was undetectable 
(not shown). They axis depicts the relative cell 
number, and the x axis shows the logarithm of 
arbitrary immunofluorescence units. Thin lines 
are isotype controls: thick lines, staining by the 
anti-^c. Similar results were observed on blood 
samples obtained at days 275 (PI) and 240 
(P2). (B) The percentage of CD45RO+ and 
CD45RA' among CD4 and CD8 T cells from PI 
and P2 obtained at day +275 and 240, respec- 
tively, as well as the percentage of T cells 
expressing either an afi TCR or a 76 TCR. 



PI. As determined by semi-quantitative PCR 
and reverse transcriptase-PCR analysis, it was 
observed that in both cases, a low fraction of B 
cells carry and express the 7c transgene (Fig. 1 ). 
It is therefore unknown whether antibody re- 
sponses are provided by untransduced or the 
tew transduced B cells. Residual persistence (< 
1%) of administered intravenous immunoglobu- 
lins (last given 5 months before measurement of 
antibody response) could, in part, also contrib- 
ute. The 7c -expressing NK cells were detected 
in the blood of P2 by day 30 (Figs. 1, 2, and 3A). 
These cells efficiently killed K562 cells in vitro 
(18). NK cells became detectable in the blood of 
PI only from day +150. 

As a likely consequence of development and 
sustained function of the immune system, clin- 
ical improvement was observed in both patients 
In P2, protracted diarrhea as well as extensive 
graft-vcrsus-host disease (GV1ID)-Hke skin le- 
sions disappeared. Both patients left protective 
isolation at days 90 and 95 and are now at home 
1 1 and 1 0 months, respectively, after gene traas- 
fcr w ithout any treatment. Both enjoy normal 
growth and psychomotor development. No side 
effects have been noted. A similar result has 
since been achieved in a third patient 4 months 
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Fig. 4. Functional char- 
acteristics of trans- 
duced lymphocyte sub- 
sets. (A) Longitudinal 
follow-up of PHA (□, 
my- and anti-CD3 (O, 
•Jnnduced prolifera- 
tion of lymphocytes 
from P1 (open sym- 
bols) and P2 (filled 
symbols) (8). Back- 
ground PHjthymidine 
uptake was less than 
400 cpm. Positive con- 
trot values are >50 > 
10 3 cpm. (B) Serum 

immunoglobulin analysis was determined by nephelometry and serum an- 
tibody by enzyme-linked immunosorbent assay after immunization (see 
above). Diphtheria toxoid (Dipht. tox.) was also used for immunization. The 
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last intravenous lg injections were given at day +90 in both patients. Tet 
"Tox., tetanus toxoid. Isohemagglutinins to blood group A have now been 
detected in both patients' sera 



after gene transfer {22). These results demon- 
strate that in these patients, a selective advantage 
was conferred to T and NK lymphocyte progen- 
itors, enabling full-blown development of ma- 
ture and functioning 1 and NK lymphocytes 
(23). 

These overall positive results contrast with 
the failure of previous attempts to perform ex 
vivo gene therapy in adenosine deaminase 
(ADA) deficient patients (24-27). Concomi- 
tant administration of ADA enzyme to these 
patients is likely to have counterbalanced the 
potential growth advantage of the transduced 
cells in this setting (23). Also, advances in the 
methodology of gene transfer into CD34 + cells, 
i.e., the use of a fibronectin fragment (28) as 
well as of a cytokine combination enabling 
potent CD34 cell proliferation, contributed to 
the success of -yc gene therapv 

Because 7c gene transfer was achieved with- 
out any additional myctoablative or immuno- 
suppressive therapy, these results pave the way 
for a possible extension of this therapeutic ap- 
proach to other genetic diseases characterized 
by defective cell-subset generation, such as oth- 
er iorms of SC1D (29). The kinetics of T cell 
development in -yc gene transfer is similar to 
that observed in SOD patient recipients of hap- 
loidcntical stem cell transplantation (4), sug- 
gesting that early progenitor cells have been 
infected by the MFG 7c virus and effectively 
transduced. The hypothesis that transduced au- 
tologous T cells in PI account for the develop- 
ment of the T cell compartment is unlikely 
because (i) the infected CD34 + cell population 
was contaminated by less than 0.1% CD3 + T 
cells; (ii) a thymic gland (27 mm by 25 mm by 
25 mm at day +275) became detectable by 
ultrasound echography, indicative of thymopoi- 
esis. whereas most T cells at day +275 exhibit 
a naive CD45RA* phenotype; and (iii) the T 
cell repertoire was polyclonal and diverse. In 
both patients, it was shown that at day + 150, a 
fraction of bone marrow CD34* cells harbored 
and expressed the -yc transgene (Fig. 1, P2). ft 
was not possible to determine whether more 
primitive cells, i.e.. CD34 H XD38~ cells, were 



transduced because of insufficient bone marrow 
sample. In the mouse, a common lymphoid 
progenitor (CLP) gives rise to the different lym- 
phocyte populations {30). If a human counter- 
part of CLP exists, it would be the best candi- 
date from among the earliest cells that were 
transduced ex vivo from these patients. Identi- 
fication of integration sites in the vanous cell 
lineages could help determine the permissive 
diff erentiation stage. The question of the persis- 
tence of T and NK cell generation has yet to be 
addressed. If infected cells have no self-renewal 
capacity and have a short life-span, new gener- 
ation of T and NK cells should cease. However, 
the fact that a thymic gland is still detectable 9 
months after 7c gene transfer suggests that thy- 
mopoiesis is still ongoing. Follow-up of the 
SCID-X1 patient in whom a spontaneous rever- 
sion mutation occurred in a T cell precursor {J 3. 
14) indicates that gene transfer could be suffi- 
cient to provide a functional memory T cell pool 
for a number of years. This optimistic view will 
require careful sequential appraisal. Kohn et al 
have previously shown that transgenes placed 
under the control of the long-terminal repeal 
(LTR) viral promoter can be silenced in quies- 
cent T cells (31). Although the identification of 
silencing sequences in the MFG LTR makes this 
a strong possibility (3 J), down-regulation of 71. 
expression has not been observed so far in these 
two patients, in 7c-deficient mice treated by ex 
vivo 7c gene transfer (//), or in cell lines main- 
tained in culture over 1 year (5). 

Follow-up will be required to assess the 
long-term effects of cx vivo 7c gene transfer m 
CD34~ cells of SCID-X1 patients. To date, this 
methodology has resulted in the sustained cor- 
rection (up to 10 months) of the SCID-X1 
phenotype m two patients, including a patient in 
whom the mutated protein is expressed at the 
cell surface. It is presumed that the effect results 
from a strong positive selective pressure pro- 
vided to the corrected lymphoid progenitors 
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REPORTS 

Localization of a Short-Term 
Memory in Drosophila 

T. Zars, 1 *t M. Fischer. 1 * R. Schulz, 2 M. Heisenberg 1 

Memories are thought to be due to lasting synaptic modifications in the brain. 
The search for memory traces has relied predominantly on determining regions 
that are necessary for the process. However, a more informative approach is 
to define the smallest sufficient set of brain structures. The rutabaga adenylyl 
cyclase, an enzyme that is ubiquitously expressed in the Drosophila brain and 
that mediates synaptic plasticity, is needed exclusively in the Kenyon cells of 
the mushroom bodies for a component of olfactory short-term memory. This 
demonstrates that synaptic plasticity in a small brain region can be sufficient 
for memory formation. 



The localization ot memory traces has occu- 
pied neuroscientists throughout this century 
(7). Approaches have ranged from surgical 
ablation to mapping localized necessary gene 
expression in transgenic animals (2, 3). Until 
recently, attempts to localize a memory trace 
have relied mainly on determining necessary 
brain regions (4). However, in a highly inte- 
grated network, other components besides the 
one being studied may also be necessary . 

In insects, much attention has been paid to 
the mushroom bodies as the site for olfactory 
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learning (3, 5-8). In Drosophila, they are 
made up of about 2500 intrinsic neurons (Ken- 
yon cells), receive multimodal sensory input, 
preferentially from the antenna! lobe to the 
calyx, and send axon projections to the antenor 
brain where they bifurcate to form the a/p, 
a'/LV, and "y lobes (9). Noninvasive interven- 
tion techniques can provide mushroom body 
less flies. In most respects, these flies show 
remarkably normal behavior but are deficient in 
olfactory learning (J). Genes important for ol- 
factory memory have elevated expression le\ - 
els in the mushroom bodies (6, 8). Additionally, 
the mushroom bodies are necessary for context 
generalization in visual learning at the flight 
simulator and the control of spontaneous walk- 
ing activity (JO, J J). 

The rutabaga (rut) gene of Drosophila 
encodes a type I Ca 2+ /calmodulin-dependent 
adenylyl cyclase (AC). Regulated synthesis 
of cyclic adenosine 3 ',5 '-monophosphate by 
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Fig. 1. The rut mutant 
defect in olfactory snort- 
term memory can be 
rescued with a rut' 
cDNA in several GA14 
enhancer trap lines 
Memory was rnea 
sured about 2 min af- 
ter classical condition 
ing (17). Performance 
indices (Pis) of rut 
mutant flies (white 
bar) and rut mutant 
flies with either a 
P[UAS CAl4 -rur] or 
CAL4 enhancer trap 
element (thin diago 
nat striped bars) were 
significantly different 
from wild-type flies 

(dark gray bar; P's < 00005). There was no significant difference between rut mutant flies' Pis 
rescued with GAL4 enhancer trap elements 247, c772, 30y, 238y, and H24 and the P[UAS GAl4 -fut"] 
compared with wild-type flies (dark gray and thick diagonal striped bars, respectively; P's > 0.05). 
Mutant rut flies' performance was rescued with CAL4 element 201y and the P[UAS &A i 4 -f(jf + ] (P< 
0.05} but was also significantly lower than the performance of wild-type flies (P < 0.005). CAL4 
enhancer trap lines c232, 189y, and 1 7d with a P[\JA^ AlA -rut * ] did not rescue the rut mutation 
(P's > 0.05). Wild-type flies heterozygous for CAL4 enhancer trap elements c232, 189y, and 17d 
were not significantly different from wild-type flies (dark gray and cross-hatched bars; P > 0.05) 
Bars represent mean Pis; errors are SEMs; n - 6 for all genotypes. 
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According to recent press coverage, gene therapy has fallen 
on hard times. If one were to believe the news media, gene 
therapy is both a scientific failure and unsafe. Is this gloomy 
picture true? Fortunately, no. The paper by Cavazzana-Calvo 

et al. (1) on page 669 of this issue provides an example of 

the exciting results that are starting to be obtained in human 

gene therapy clinical trials. The authors have successfully treated with gene therapy (for at least up to 10 
months) two infants suffering from inherited severe combined immunodeficiency (SCID). 

Mutations in several different genes of immune cells can result in SCID. The first gene therapy trial 
almost 10 vears ago treated two girls suffering from a type of SCID caused by a deficiency in the 
enzvme adenosine deaminase (ADA). In the new study, Cavazzana-Calvo et al. treat patients with an 
X-hnked form of SCID (SCID-X1) caused by a mutation in the gene encoding the yc subumt, a 
component of certain cytokine receptors. After several years of preclinical studies, these investigators 
have carried out a clinical trial with two SCID-X1 patients, ages 11 and 8 months. They took 
hematopoietic stem cells (which expressed the surface marker CD34 and were capable of differentiating 
into all types of blood cells) from the infants' bone marrow and incubated the cells ex vivo with a 
retroviral vector carrying the yc cDNA. The transduced stem cells were then transfused back into the 
SCID-X1 patients. The authors present data from 10 months of follow-up and the results are very 
encouraging. Ten months after receiving transduced stem cells, the numbers of T, B, and natural killer 
(NK) cells of the immune system were normal, as were a number of measures of immune function (such 
as specific responses to antigen). Clinically, the two patients improved considerably and were able to 
leave protective isolation in the hospital after 3 months and have been at home ever since. Clearly, 
longer follow-up is necessary and more patients need to be treated, but the initial data strongly suggest 
that SCID-X1 can be successfully treated by retroviral-mediated gene therapy. 

Why are the results of Cavazzana-Calvo et al. more encouraging than those from the earlier gene therapy 
experiments that treated ADA-deficient SCID patients (2-6)? In the first clinical protocol, the 
investigators inserted a normal copy of the gene encoding ADA (carried in a retroviral vector) into 
mature T lymphoevtes (2). Later protocols attempted to transfer the same gene into bone marrow stem 
cells (3-5), which would differentiate into T lymphocytes capable of responding to new antigens. 
Cavazzana-Calvo and co-workers used a Moloney-derived retroviral vector (MFG) to deliver the 
therapeutic gene to the SCID-X1 infants. MFG is an improvement over the earliest retroviral vectors and 
may be more effective for expressing genes in T cells, but the vector itself could not be the major reason 
for success; MFG has been used in a number of trials without significant efficacy. Certainly, the 
transduction conditions of the new study are far superior to those of the early 1990s. Of most 
significance, perhaps, is the inclusion of Flt3 (a factor that greatly enhances stem cell growth in culture) 
along with other growth factors in the medium for culturing bone marrow stem cells, and the use of 
fibronectin-coated culture vessels. The levels of gene transduction obtained by Cavazzana-Calvo et al. 
are. consequently, much higher than those obtained in earlier studies. 
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Unlike the earlier gene theiapv trials that treated ADA-deflcient SCID patients. Cavazzana-Calvo and 
colleagues did not have to administer PEG-ADA-a polyethylene glycol-conjugated ADA enzyme 
preparation that reduces the levels of the toxic molecule deoxyadenosine in ADA-deficient patients-to 
the SC1D-X1 infants. The concomitant administration of PEG-ADA is believed to lessen the potential 
growth advantage of ADA gene-corrected cells (7). Finally, SCID-X1 can result in a more profound 
deficiency in T cells than ADA-deficient SCID; therefore, the positive selection for gene-corrected T 
cells may have been more vigorous in the SCID-X1 patients. 

The majority of ADA-deflcient SCID patients treated with gene-corrected stem cells have not been 
significantly helped. But the verv first ADA-deflcient SCID patient, a 4-ycar-old girl who received only 
gene-corrected mature T cells, and not stem cells, has thrived (2, 8, 9) (see the figure). She received 1 1 
infusions from September 1990 to August 1992 and has maintained a circulating level of 20 to 25% 
gene-corrected T cells and a normal life-style with amelioration of her disease symptoms. Her partial 
response to PEG-ADA treatment before gene therapy had not provided her with an adequate immune 
system: nonetheless, we have felt it wise to continue treating her with PEG-ADA as a safety-net. 




Ashanti de Silva. Now 13, Ashanti was the first patient to be treated with gene therapy. She received 
infusions of T cells that had been transduced with a gene for ADA (an enzyme that she lacks), resulting 
in an amelioration of the symptoms of her severe combined immunodeficiency. 

CREDIT: VAN DE SILVA 



Careful monitoring indicates that the vigor of her immune response has gradually diminished over the 
past several vears, but it still remains in the normal range, albeit at the low end. But, as she only received 
mature gene-corrected T cells that, unlike stem cells, cannot be educated to respond to new antigens, 
how has she been able to generate an immune response to the new antigens that she encounters 
constantly? One explanation is provided by the data obtained in the first 6 months of treatment [see 
figure 1 A of (2)]. When only a small number of gene-corrected T cells were infused (less than 1% of the 
total T cell population), the total number of T cells tripled from 500 to 1 500 per microliter of blood. 
When several infusions were missed because of technical problems, the T cell number plummeted back 
to 500. When infusions of gene-corrected T cells were resumed, the total T cell number again rose 
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rapidly this time to over 2000. One could speculate that it requires only a threshold level of "normal" 
(that is gene-corrected) T cells in the lvmphoid tissues to provide a microenvironment that allows the 
noncorrected (both immature and mature) T cells to function normally. Thus, her immature T cells may 
be able to differentiate in lymphoid tissue, and thereby provide her with immune protection against new 
antigens, as long as the "normal" mature T cells are maintained above a critical level. 

The successful treatment of the first gene therapy patient suggests that the positive results of 
Cavazzana-Calvo et al mav continue over the long term. The gene-corrected stem cells of the two 
SCID-X1 infants should continue to experience a positive selection in the patients so that even if some 
cells have their yc gene silenced over time, others will expand to maintain the immune status of the 
patients. 

In addition to the success achieved with gene therapy for the treatment of SCID, recent publications 
suggest progress in the treatment of hemophilia Q0) and in the growth of new blood vessels to treat 
cardiovascular disease (H)- Furthermore, early data demonstrate headway in the development of 
gene-based vaccines for treating several chronic infectious diseases and some types of cancer. 

The field of gene therapy has been criticized for promising too much and providing too little during its 
first 10 years of existence. But gene therapy, like every other major new technology, takes time to 
develop. Antibiotics, monoclonal antibodies, organ transplants, to name just a few areas of medicine, 
have taken many vears to mature. Major new technologies in every field, such as the manned rocket to 
the moon, had failures and disappointments. Early hopes are always frustrated by the many incremental 
steps necessary to produce "success." Gene therapy will succeed with time. And it is important that it 
does succeed, because no other area of medicine holds as much promise for providing cures for the many 
devastating diseases that now ravage humankind. 
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Viral vectors for gene therapy 

Paul D. Robbins, Hideaki Tahara and Steven C. Ghivizzani 

Gene therapy is now being applied to the treatment of a wide variety of acquired 
and inherited diseases. One of the rate-limiting steps for successful gene therapy 
is the efficiency of gene transfer. A number of different viral systems are being 
developed for use as vectors for ex vivo and in vivo gene transfer, including 
retroviruses, adenoviruses, herpes-simplex viruses and adeno-associated viruses. 
These viral vectors have a number of specific advantages and disadvantages that 
make them suited to particular gene-therapeutic applications. This review will 
summarize the current status of the development of viral vectors for gene therapy. 



Gene therapy, the treatment or prevention of disease 
by gene transfer, has been a rapidly developing field of 
research 1-1 . Over the past ten years, gene therapy has 
been moving quickly from the laboratory to the clinic. 
Although the majority of the therapeutic trials to date 
have been phase 1, there is reason for optimism about 
the future of gene therapy. Clinical responses have 
been noted even in these current phase- 1 studies, 
which are designed to test safety and feasibility rather 
than efficacy. As the relatively new field of gene 
therapy evolves, it is likely that gene-therapeutic 
approaches will become routine and accepted 
methods for treating both acquired and inherited 
diseases. 

There are two approaches that may be utilized for 
gene therapy - an indirect, ex vivo method, in which 
cells are modified in culture and then transplanted, and 
a direct, in vivo gene-transfer method, involving the 
injection of a vector. Although the identification of 
the appropriate therapeutic gene(s) and of the target 
tissue are important for successful gene therapy, the 
rate -lirru ting step is still the ability to deliver the appro- 
priate gene efficiendy to the appropriate target tissue. 
There are two types of vector systems used for gene- 
therapeutic applications - viral and nonviral. For the 
most part, viral vectors are more effective than non- 
viral vectors for achieving high-efficiency gene transfer, 
but they have associated problems that still hinder their 
application to gene therapy, such as immunogenicity, 
pathology, targeting and/ or the duration and level ot 
gene expression. Nonviral vectors such as liposomes 
and DNA conjugates are nonpathogenic, but are less 
effective for gene transfer in vivo. The current status of 
the viral vectors for gene-transfer applications will be 
discussed below. 

P D. RdNvus {probh(a%>op. pitt.edu), H. 'Vaiuuti. ami S. (]. Ghtvizzani 
are ,jf the Department of Moleadar Genetics and linn he mi i try, 
I 'mwTMty 4 Pittsburgh Siiiool <>/ Mt iiidiw , Pitdhiir^h, PA 1526 I, 
I SA. H. Tahara is also at the Department 4 Surgery, t ,'mversity af 
nmburxh School <>/' Medicine, Putslmr^h, PA 152*1. I SA. 



Retroviral vectors 

There are four types of virus currendy in clinical tri- 
als - retroviruses, adenoviruses, herpes-simplex viruses 
and adeno-associated viruses. Of these vectors, the 
majority of clinical trials to date have used murine 
leukaemia virus (MLV)-based retroviral vectors for 
gene transfer 5-7 . Wild-type MLV encodes three pro- 
teins, from the genes gag, pol and env, which are 
processed into a number of polypeptides important for 
replication, encapsidation, infection and reverse tran- 
senpuon. The three proteins can be provided in trans, 
allowing the generation of vectors containing only the 
as-acting elements that are required for these processes 8 . 
Cell lines that express the three viral proteins stably 
have been generated, and are termed packaging lines 4 
(Fig. la). These cell lines can be used to produce 
recombinant, replication-defective virus by either 
stable or transient transfection. Currendy, packaging 
lines that give titres of greater than 10 7 infectious virus 
particles per ml have been developed 10 . The use of 
different viral-envelope proteins, such as the G protein 
from vesicular-stomatitis virus, has improved titres 
following concentration to greater than 10 4 ml" 1 
(Ref. 10). 

The advantage of retroviruses is that they can stably 
infect dividing cells by integrating into the host DNA 
without expressing any immunogenic viral proteins. 
In theory, the integrated retroviral vector will be main- 
tained for the life of the host cell, continuing to express 
the gene of interest. Their disadvantages include the 
facts that the MLV-based retroviral vectors require cell 
division for stable infection, and that their coding 
capacity prevents the delivery of large genes, such as 
that encoding dystrophin. The recent development of 
vectors based on lentiviruses (such as human immuno- 
deficiency virus (HIV), simian immunodeficiency virus 
(SIV) or equine mtectious-anaemia virus (£IAV)|, 
which can infect certain nondividing cells, should 
allow the in vivo use of retroviral vectors for gene- 
therapeutic applications. Indeed, helper-virus-free 



Copyright <0 1998, Elsevier Science Ltd. All rights reserved. 0167 - /799/98/S19.00. Rl: S0167 7799(97)01 1 37 2 



TI6TECH JANUARY 1 998 (VOL 1 6) 




Packaging cell 
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Figure 1 

(a) Method for producing helper-free, replication-defective retroviral vectors. A packaging cell, genetically modified to express the retro- 
viral gag, pol and env gene products stably, is either stably or transiently transfected with the retroviral vector containing LTRs encoding 
the therapeutic gene (TG). Because it is only the vector that contains a psi (¥) packaging sequence and two LTRs, only vector RNA is pack- 
aged into virions. Virus produced by the producer cells contains the retroviral-vector genome, which can stably infect and transduce the 
appropriate target cell, (b) Three different retroviral vector configurations can be used to express the gene of interest. For LTR-based vec- 
tors (top), initiation of transcription is regulated by the native retroviral promoter contained within the long terminal repeat (LTR) of the retro- 
virus (the site of transcription initiation and direction of RNA synthesis are indicated by the top arrow). In certain vectors, such as MFG, the 
gene of interest is inserted into the region of the virus normally encoding the env gene. For translation, the primary transcript is spliced 
(indicated by the bent arrow) using native retroviral splice-donor and -acceptor sequences. For vectors with an internal promoter (middle), 
transcription is driven primarily by an exogenous promoter sequence inserted immediately upstream of the coding region of the gene of 
interest. However, there is also a level of RNA synthesis initiated from the native promoter contained within the retroviral LTR. For reverse- 
orientation vectors, an exogenous promoter and the therapeutic gene are inserted into the vector in the opposite polarity to that of the 
direction of RNA synthesis from the viral LTR. Thus, transcription of the gene of interest is driven exclusively by the exogenous promoter. 
The positions of the murine leukaemia virus (MLV) long terminal repeats (LTR), promoter (Pro), reversed promoter (orP), polyadenylation 
sites (AA) and coding regions of the therapeutic gene (blue) are indicated. 



stocks of" recombinant HIV-based vectors have been 
generated that can infect a wide range of nondividing 
cells, including neurons, islets and muscle cells 12-14 . 

There are three types of retroviral vectors currendy 
in use 5,8,15 , which are similar, independent of whether 
the virus is of human, murine or avian origin (Fig. lb). 

(1) The long-terminal-repeat (LTR)-based vector, 
in which the therapeutic gene is expressed from the 
promoter in the 5' LTR. An example of this type of 
vector is MFG, in which the therapeutic gene is 
inserted in place of the viral nw gene !S: ''. The inserted 
gene is expressed ho in an LTR-dnven, spliced mess- 



age that has a 5' untranslated sequence identical to the 
env message. Additional genes can be expressed from 
a polycistronic message in this vector using internal 
ribosome entry sites (IRESs). Indeed, up to three 
genes have been effectively expressed in MFG using 
two IRES elements 1718 . 

(2) The internal-promoter vector, in which the 
therapeutic gene and/or a marker gene is expressed 
from an internal heterologous promoter. Additional 
genes can be expressed from the LTR, or the LTR can 
be mutated to prevent expression following infection of 
a target cell. The internal-promoter vectors containing 
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tissue-specific promoters can be use^^facilitate high- 
level gene expression in specific cel^ypes. 

(3) The reverse-orientation vector, in which a 
genomic sequence containing a promoter, introns and 
polyadenylation signal can be inserted. For example, 
the p-giobin gene has been inserted into a retroviral 
vector in the reverse orientation, so that the regula- 
tory sequences in the 5' promoter, introns and regions 
3' to the coding sequence can be maintained 14 . In 
this way, it is possible to achieve aghdy regulated, 
tissue-specific gene expression. 

Adenoviral vectors 

Adenoviruses are linear double-stranded DNA 
viruses 30-35 kb in size that can cause upper- 
respiratory and eye infections in humans. The struc- 
ture of human adenovirus type 5 and its different 
reading frames are indicated in Fig. 2. There are four 
different early genes expressed from the viruses after 
infection (El, E2, E3 and E4), encoding polypeptides 
important for regulating viral and cellular gene expres- 
sion, viral replication and the inhibition of cellular apop- 
tosis. Late in infection, the major late promoter is acti- 
vated, resulting in the expression of polypeptides 
required for encapsidation of the virus. Adenoviruses 
can be converted for use as vectors for gene transfer 
by deleting the El gene, which is important for the 
induction of the E2, E3 and E4 promoters 20 . The El~, 
replication-defective virus can be propagated in a cell 
line that provides the El polypeptides in trans, such as 
the human embryonic kidney cell line 293. A thera- 
peutic gene (or genes) can be inserted by recombi- 
nation in place of the El gene; expression is driven 
from either the El promoter or a heterologous 
promoter (Fig. 2b). 

The advantages of adenoviral vectors are that they 
can infect a wide variety of cell types, including non- 
dividing cells, and can be grown to high titres 21 . How- 
ever, the viral genome remains episomal, allowing for 
only transient gene expression. In addition, the cur- 
rent first-generation El~ viruses still express a low level 
of viral proteins after infection, resulting in a low 
level of viral replication. The viral gene expression 
can induce a CD4- and CD8-dependent immune 
response that reduces the duration of the gene expres- 
sion in vivo 22 - 23 . In order to develop vectors that may 
be less immunogenic, more-defective viruses are being 
constructed. In particular, the deletion of some or all 
of the E4 open reading frames (ORFs) results in more- 
attenuated viruses 2124 " 28 . However, certain second- 
generation vectors appear not to give longer-term 
gene expression, even though the DNA seems to be 
maintained. Thus, it appears that the function of one 
or more of the E4 ORFs may be to enhance gene 
expression from at least certain viral promoters carried 
by the virus. An alternative approach to making a more 
detective virus has been to 'gut' the virus completely, 
maintaining only the terminal repeats required for 
vir.il replication 2 '^ ' (Fig. 2c). The 'gutted', or 'gut- 
less', viruses can be grown to high titres with a first- 
generation helper virus in the 293 cell line, but it has 
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Figure 2 

Structure of adenovirus type 5 (Ad5) genome, (a) The different transcription units for 
the wild-type virus are indicated by arrows. Alternative splicing leads to the RNAs for 
early (E), intermediate (pIX and Wa2) and late (L) genes being generated from the pri- 
mary transcripts. Proteins from the early genes are required for functions such as 
host-cell transformation and viraWNA replication. The late genes (transcribed from 
the major late promoter (MLP)] primarily encode structural proteins of the virion. 
Inverted-terminakepeat (ITR) sequences function as replication origins, and the *P 
sequence is required for packaging of the viral genome, (b) Mutations can be intro- 
duced into the Ad5 genome to make a replication-defective virus for gene transfer. 
When the El protein is supplied in trans by a complementing cell line, the El coding 
region can be deleted and the therapeutic gene inserted under the regulation of a 
heterologous promoter. The E4 coding region has also been deleted in second- 
generation vectors. The E3 region, involved in blocking the immune response to the 
virally infected ceil, can be either deleted or retained. In addition, a temperature- 
sensitive (ts) E2A allele has been used to make a more-defective virus, (c) An alter- 
native approach to making a defective virus is to completely 'guf it, that is, to remove 
all viral coding regions from the virus, leaving only the ITRs, the 4> sequence and the 
therapeutic gene. 

been difficult to separate the 'gutted' vector from the 
helper virus. 

Replication-competent adenoviruses can also be 
used for gene therapy. For example, the E 1 A gene can 
be inserted into a first-generation virus under the 
regulation of a tumour-specific promoter 52 . In theory, 
following injection of the virus into a tumour, it could 
replicate specifically in the tumour but not in the sur- 
rounding normal cells. This type of vector could be 
used either to kill tumour cells directly by lysis or to 
deliver a 'suicide gene' such as the herpes-simplex- 
virus thymidine-kinase gene (HSV tk), which can kill 
infected and bystander cells following treatment with 
ganciclovir. Alternatively, an adenovirus defective only 
for El 13 has been used specifically for antitumour 
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treatment in phase-^^fcucal trials 33 34 . The polypeptides 
encoded by E IB arMrele to block p53-mediated apop- 
tosis, preventing the celJ from killing itself in response 
to viral infection. Thus in normal, nontumour cells, 
in the absence of E1B, the virus is unable to block 
apoptosis and is thus unable to produce infectious virus 
and spread. In tumour cells deficient in p53, the 
E IB-defective virus can grow and spread to adjacent 
p53-defective tumour cells, but not to normal cells. 
Again, this type of vector could also be used to deliver 
a therapeutic gene such as HSV tk. 

Herpes-simplex virus 

Herpes-simplex viruses I and II are large linear DNA 
viruses of approximately 1 50 kb encoding 70-80 genes 
(Fig. 3). The wild-type viruses are able both to infect 
cells lyrically and to establish latency in specific cell 
types, such as neurons. Like adenoviruses, HSV can 
infect a wide variety of cell types, including muscle, 
tumours, lung, liver and pancreatic islets. In order to 



use HSVj^H| vector, it has to be rendered replication 
defective .following infection of a cell with HSV, the 
expression of a small number of immediate early (IE) 
genes is induced by a viral transactivaring protein, 
VP 16, which is earned into the cell as part of the viral 
tegument. The IE genes, which include ICPO, 4, 6, 
22 and 27, are themselves regulators of gene expres- 
sion that are important for the induction of the early 
and late genes required for wral replication and encap- 
sidation 35 " 38 . Mutation of ICP4 results in a virus 
unable to replicate except in a complementing cell 
line, but which still expresses the other IE-gene prod- 
ucts; these other IE proteins are toxic to many cell 
types. Recendy, vectors defective for ICP4, 22 and 27 
have been generated that have reduced levels of tox- 
icity and prolonged gene expression in culture and 
in wW 35 "* 0 . The development of vectors defective for 
all IE genes should, in conjunction with the appropri- 
ate complementing cell lines, allow the widespread 
clinical application of HSV vectors. 
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Figure 3 

Structure of herpes-simplex virus, (a) The positions of several essential and nonessential genes are indicated, as are the unique-long (U L ) 
and -short (U s ) regions of the virus, (b) The virus can be rendered defective by deleting several of the nonessential, immediate-early genes 
such as ICPO, ICP4, ICP22, and ICP27. These proteins are supplied in trans by complementing cell lines and/or transient transfection of 
expression plasmids. The large size of the genome (152 kb) may allow the insertion of multiple therapeutic genes. 



An alternative approach to pn^fcing infectious 
HSV vectors is the use of amplicons^i this approach, 
a plasmid containing an HSV origin of replication and 
packaging sequence is cotransfected with cosmids 
containing the HSV genome but with a defective 
packaging sequence 41 ^ 3 . The resulting virus contains 
only plasmid sequences, thereby eliminating any tox- 
icity associated with low-level HSV-protein expression. 
Although this approach can generate a helper-free 
stock of virus, the titres are still very low. 

The advantage of HSV vectors is that they have a 
large capacity for inserting heterologous DNA, allow- 
ing up to 50 kb to be included successfully, possibly 
consisting of multiple therapeutic genes. For example, 
four different anti tumour genes have been inserted 
into a single HSV vector for use in cancer therapy 
(J. Glorioso, pers. commun.). Alternatively, HSV 
vectors can be used to obtain highly regulated gene 
expression. An RU486-hormone-regulated chimeric 
transcription factor has been inserted into HSV along 
with a promoter containing binding sites for the 
regulated transcription factor; specific, regulated gene 
expression has been observed in vivo. 

Adeno-associated virus 

Adeno-associated virus (AAV) is a member of the 
parvovirus family, small single-stranded DNA viruses 
that require a helper virus, such as adenovirus or her- 
pes-simplex virus, for replication. AAV is a human 
virus, with the majority of the population being 
seropositive for AAV, but no pathology has been asso- 
ciated with it. The virus contains two genes, rep and 
cap, encoding polypeptides important for replication 
and encapsidation, respectively (Fig. 4). These two 
genes can be supplied in trans with only the inverted 
terminal repeats (ITRs) required in cis for viral repli- 
cation. Therapeutic genes with the appropriate regu- 
latory sequences can be inserted between the two 
ITRs, and the virus generated by cotransfection into 
the 293 cell line with a rep and cap expression vector 
and subsequent infection with a first-generation adeno- 
viral vector 44 . The wild-type virus can be grown to 
high titres and is able to integrate stably into a specific 
region of chromosome 19 following infection 45 . 
However, the recombinant virus appears not to inte- 
grate site-specifically, suggesting that this integration 
requires the presence of the rep protein. 

One of the rate-Umiting steps in AAV infection 
appears to be the frequency of second-strand syn- 
thesis 46 . In wild-type virus infection, second-strand 
synthesis is stimulated by the presence of adenovirus 
El and E4 proteins; in the absence of adenovirus co- 
mfection, unknown cellular factors appear to dictate 
the rate of second-strand synthesis. In certain cell 
types, or following treatment with DNA-damagmg 
agents, the rate of second-strand synthesis is high 47 ^ 44 . 
Moreover, in several cell types, it appears that the 
frequency of viral integration is reduced. 

Although AAV may not be suitable for gene transfer 
to all cell types, the degree of infection of muscle, brain 
and liver cells with recombinant virus is exceedingly 




Figure 4 

(a) Structure of adeno-associated virus (AAV). The position of the rep and cap genes, 
the inverted terminal repeats (ITR), the viral promoters (p5, pl9 and p40) and the 
polyadenyiation site (poly A) are indicated, (b) AAV can be used as a vector by inserting 
therapeutic genes between the ITRs. 



high in vivo. In these cell types, stable infection 
and gene expression apparendy occur independently 
of the helper virus. Injection of a (3-galactosidase- 
containing AAV vector into muscle has resulted in 
p-galactosidase-positive myofibres for up to two 
years 5C ^ 52 . Similarly, the injection of virus into the 
brain also has resulted in long-term gene expression 33 . 
Thus, AAV may be highly suitable for the delivery of 
genes to specific target cells in vivo, without inducing 
an immune response to the infected cells. 

Chimeric viral vectors 

One of the future directions of vector development 
for gene therapy is the generation of chimeric vectors, 
which will have certain features of two or more 
viruses. For example, either a herpes-simplex vims or 
an adenovirus could be used to deliver AAV to cells in 
which transient expression of rep would allow site- 
specific integration of the AAV vector 54 . In this way, 
a large gene could be inserted into AAV Alternatively, 
both the origin of replication and the rra«j-acring 
replication protein El from human papilloma virus 
could be inserted into a recombinant adenovirus vec- 
tor; following infection, the episomal genome might 
be replicated and maintained by the HPV sequences. 
Similarly, HSV or adenovirus vectors could be used 
to deliver plus-strand RNA viruses, such as Sindbis, 
to cells 55 . Such viruses that have had their virulent 
capsid genes deleted could still replicate their RNA 
in the cytoplasm, allowing high levels of protein 
production 55 . 

Summary 

Gene therapy is currently being applied to a wide 
range of diseases, both inherited and acquired. One, if 
not the, rate-limiting step to successful gene therapy is 
the efficiency of gene transfer. Currendy, several dif- 
ferent viral systems are being modified for use as vec- 
tors for gene therapy, including retroviruses, adeno- 
viruses, herpes-simplex viruses, adeno-associated 
viruses and chimeric viruses. These viral vector systems 
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.ire currently in or ac^Mching clinical trials, and they 
appear to be safe ancWvell tolerated. Although it is 
likely that no single virus will be useful for all 
gene-therapeutic applications, with further develop- 
ment, viral vectors should become usable in specific 
gene-therapeutic applications. 
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Summary Pancreatic islet cells are terminally differ- 
entiated endocrine cells and are refractory to stable 
infection by retroviral vectors, which require the 
breakdown of the nuclear membrane during cell divi- 
sion in order to insert the transgene into the host cell 
genome. Thus, attempts to render beta-cell allografts 
less immunogenic have had to rely on stable transfec- 
tion of surrogate cells. Similarly, this problem has 
precluded the development of conditionally immor- 
talized human beta cells for clinical allotransplanta- 
tion. In this report, we demonstrate that adult human 
islet beta cells can be transduced by a new three-plas- 



mid integrating lentiviral vector with an efficiency of 
62 ± 1.8% at a multiplicity of infection (MOI) of 2.5 
in vitro. This work makes genetic engineering of 
adult human pancreatic beta cells possible for the 
first time, allowing strategies to render beta-cell allo- 
grafts non-immunogenic to be optimized and to cre- 
ating conditionally immortalized human beta cells 
for clinical transplantation. [Diabetalogia (1998) 41: 
736-739] 

Keywords Lentiviral vector, retrovirus, human islet 
beta-cell, gene transfer, transplantation. 



A maj or long-term goal of diabetes research is to re-es- 
tablish normal glucose homeostasis in insulin-defi- 
cient patients by transplantation of insulin-producing 
beta cells [1 ]. The major unsolved problems of human 
beta-cell transplantation are overcoming allorejec- 
tion, preventing recurrent autoimmunity, and expand- 
ing the limited supply of human tissue. Various ap- 
proaches to these problems have shown promise in 
transgenic mice, but translation to adult human beta 
cells has been precluded because these terminally dif- 
ferentiated cells are refractory to stable infection by 
retroviral vectors [2], which require proliferation of 
the target cells and breakdown of the nuclear mem- 



Received: 26 January 1998 and in revised form: 17 March 1998 

Corresponding author: Dr. M. Brownlee. Diabetes Research 
Center, Department of Medicine, Albert Einstein College of 
Medicine, 1300 Morris Park Avenue, Bronx, NY 10461, USA 
Abbreviations: GFP, Green Fluorescent protein; lacZ, E. coli 
beta galactosidasc gene; FCS, fetal calf serum; PBS, phosphate 
buffered saline; FITC. fluorescein isothiocyanate conjugate; 
CMV, cytomegalo virus; CR1P/MFG - cell packaging LINE, 
retroviral! vector packaging cell line; MOI, multiplicity of in- 
fection. 



brane during cell division in order to insert the trans- 
gene into the host cell genome. Thus, attempts to rend- 
er beta-cell allografts less immunogenic have had to 
rely on stable transfection of surrogate cells. Similarly, 
this problem has precluded the development of condi- 
tionally immortalized human beta cells for functional 
study and clinical allotransplantation [3] 

Recently, a new lentiviral vector system has been 
developed, based on the finding that human immuno- 
deficiency virus (HIV) and other lentiviruses can in- 
fect nondividing cells [4]. Jt has been shown that this 
new vector system is able to efficiently and stably 
transfer genes into adult rodent brain and eye in 
vivo [5, 6]. In this report, we demonstrate the first 
successful transduction of adult human pancreatic is- 
let beta cells, using lenti green fluorescent protein 
(GFP) and Icnti-E. coli beta galaclosidase gene 
(lacZ) vectors [4, 5]. 



Materials and methods 

Preparation of human pancreatic islets. Human adult pancreat- 
ic islets were prepared at the Islet Transplantation Facility at 
the University of Giesscn, Germany. Pancrcata were obtained 
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within 8 h of death and islets were prepared as described previa 
ously [7]. In brief, following hypothermic perfusion via the ab- 
dominal aorta, organs were dissected in situ After coUagenas'c 
digestion, pancreata were digested in a continuous digestion- 
filtration device. Free islets were separated from nonislet tis- 
sue using a continuous Ficol!-Na-diatrizoate density gradient 
on a Cobe 2991 [7]. Islet purity of the preparations generally 
exceeded 80%. Single islets were suspended in Connaught 
Medical Research Laboratory (CMRL)-1066 medium contain- 
ing 10% fetal calf scrum (FCS), 1 % glutamine, 1 % N2-hy- 
droxyethyl piperagine N'-2 ethane sulphonic acid (HEPES), 
1 % Pen/Strep, and incubated at 25 ^C. The media were chang- 
ed every week. The islcl preparation was examined visually for 
bacterial or fungal contamination. Dithizone (0.02% for 
3 mill) was used to detect contamination by non-endocrine 
cells (data not shown). 

Preparation of human islet celts. To prepare single islet cells, 
approximately 5000 islets were digested in 8 ml of calcium- 
free phosphate buffered saline (PBS) containing 0.125 mg/ml 
of trypsin and 0 05 mg/ml ethylenediaminctetraacetic acid 
(EDTA) at 37 °C. The islet solution was rotated for 5 min at 
37^ and then placed on ice for 5 min to allow islets to settle. 
The supernatant containing the single islet cells was removed, 
1 ml of FCS was added and the solution centrifuged in Con- 
naught Medical Research Laboratory media for counting. 
The digestion cycle was repeated a maximum of four times to 
obtain additional cells. 

Characterization of adult human islet cells. The purity of the 
isolated human islet cells was analysed by immunofluorescent 
staining using a guinea pig anti-porcine insulin antibody which 
is cross reactive against human insulin (Chemicon Internation- 
al, Temecula, Calif., USA). 10* cells per well were plated in 24 
well plates the day before immunofluorescent staining. The 
cells were washed briefly with PBS, fixed in cold 4% 
paraformaldehyde for 15 min, washed with PBS, and blocked 
with 10% FCS/10% goat scrum/0.2% triton in PBS for 
30 min. Primary antibody, guinea pig anti-porcine insulin, (di- 
luted 1 ;100) was added and the plate was incubated for 1 h. Af- 
ter washing with PBS, second antibody, fluroesccin isothiocy- 
anate conjugate (FITC) conjugated donkey anti-guinea pig 
IgG (diluted 1 :100) was added and the plate was incubated for 
1 h in the dark. After washing with PBS, the plate was exam- 
ined using fluorescence microscopy. 

Preparation of lenrivirus. 293T cells were plated in 100 mm cell 
culture plates in Dulbecco's modified Eagle's medium 
(DMEM) containing 10% FCS, 1 % Pen/Strep, and grown to 
70% confluency. A total of 40 ug of plasmid DNA was used 
for the transfection in the following proportions using Perfect 
Lipids no. 2 (Invitrogen Carlsbad Calif USA) according to ihe 
manufacturer's instructions: on to megato virus cmv abbrevia- 
tion in 15 ug of pCMVAR8.2, 20 ug of pHR'CMV-GFP or 
pHR'CM V-LacZ and 5 ug of pMD.G as described [4, 5]. These 
plasmids are gifts of Dr. D. Trono al the University of Geneva, 
Switzerland. Conditioned medium containing lenti-GFP or 
lenli-lacZ viruses were harvested 48 to 60 h after transfection, 
subjected to low-speed cenirifugation, and filtered through 
0.45 umol/1 filters. Viruses were further concentrated by ultra- 
ccntrafugation as described. The viral preparation were frozen 
at -80 °C For lenii-GFP, the 293T cells left on the plate were 
examined under fluorescence microscopy for percentage of 
green cells. For Ienti-LacZ, the 293T cells left on the plate 
were fixed with 1 % glutaraldehyde and stained with X-gal 
(see below). More than 80% of the cells turned green (lenti- 
GFP) or blue (Ienti-LacZ) indicating that the colransfection 
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of the three plasmids was successful. To titrate the viral parti- 
cles in the conditioned medium, 5 x 10 s of 293T cells per well 
were infected overnight at 37 °C in six-well plates with serial 
dilutions of conditioned medium supplemented with polyb- 
rene (8 ug/rrtl]. The medium was replaced, the cells further in- 
cubated for 36 h, and expression of GFP or /3-galactosidase 
scored by fluorescence microscopy or X-gal staining. Titres 
were tfaiculated by counting the number of the foci of green 
or blue cells per well and dividing the number by the dilution 
factor. 

Preparation of retrovirus. Retroviral producer cells, retroviral 
vector packaging cell line-ecoli beta galactosidasc gene 
(CRIP/MFG-LacZ), were from Dr. R.C. Mulligan. CRIP/ 
MFG-LacZ cells were grown to confluency as described and 
the supernatants containing MFG-LacZ viral particles were 
centrifuged at low speed, filtered through a 0.45 pmol/J filter 
and frozen at -80°C. 293T cells were used to litre each prepa- 
ration as described above. * 

4 

Infection of human islet cells with lentiviral and retroviral parti- 
cles- 10 6 single adult human islet cells were plated in 60 mm 
polylysine-coated plates 2 days before infection. Viruses were 
added to the CMRL-1066 medium supplemented with polyb- 
rene (8ug/ml) at different multiplicity of infection (MOIs) 
and the cells were infected overnight. The media was replaced 
and the cells further incubated at 37 °C. Expression of the 
GFP reporter gene was examined 5 days after infection. Cells 
were washed with PBS, fixed with 4% paraformaldehyde for 
15 min at room temperature and washed again with PBS. Fixed 
cells were fluorcscence-immunostained using guinea pig anti- 
porcine insulin antibody (Chemicon International, Temecula, 
Calif, USA) as the first antibody and Rhodamine-Red conju- 
gated donkey anti-guinea pig IgG (Jackson Immuno Research 
West Grove PA USA) as the second antibody. Uninfected islet 
cells in separate plates were fixed and stained under the same 
conditions, and used as negative controls. Green cells and red 
cells of the same field were photographed using a fluorescence 
microscope. Two images (green and red) were scanned using 
Adobe Photoship Programme (Apple Computer B cuper + 
INw, Calif USA) and were then matched to give the double ex- 
posure image. Expression of the /J-galactosidase was scored by 
X-Gal staining. The cells were washed twice with PBS, fixed 
with 1% glutaraldehyde at room lemperature for 5 min, wa- 
shed again with PBS and stained with X-gal/Fe solution for 
4 h al37*C. Uninfected islet cells in separate plates were fixed 
and stained under the same conditions, and used as negative 
controls. To avoid background of the endogenous /3-galactosi- 
dase of islet 0-cells, X-gal staining was done for 4 h. 

Quantitation of infection efficiency and statistical methods. 
Data of infection efficiency were analysed using the descrip- 
tive statistics analysis software of Microsoft Excel. 



Results 

Pancreatic islets were prepared from human pancreas 
using RicoraVs automated method [7]. Since pancre- 
atic islets contain four major cell types, alpha, beta, 
delta and pancreatic polypeptide, the purity of islet 
preparations was determined before viral infection. 
Single cells were prepared from human islets and plat- 
ed onto cell culture dishes. An immunofluorescence 
assay using antibody against porcine insulin was used 
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FSg.l. Single human islet cells plated in polylysine-coated 
plates were infected with lenti-GFP viruses at a MOI of 2.5 in 
the CMRL-1066 medium supplemented with polybrene over 
night. Five days after infection, cells were washed with PBS, 
fixed with 4% paraformaldehyde and immunostained using 
guinea pig anti-porcine insulin antibody and Rhodamine-Red 
conjugated donkey anti-guinea pig IgG. Red cells (A) and 
green cells (B) of the same field were photographed using a 
fluorescence microscope (lOOx). Two images (green and red) 
were scanned using Adobe Pholoship Program and were then 
matched to give the double exposure image (C). A, human is- 
let 0-cells (red) positive to insulin antibody. B, human islet 
cells (green) infected by lenti-GFP vectors. C, human islet 0- 
cells infected by lenti-GFP vectors (orange) 



to identify the major eel] type of these single cells. Af- 
ter immunostaining, the number of total cells and the 
number of insulin-producing cells were counted un- 
der the fluorescence microscope. 864 cells in 11 
groups were counted and the average percentage of 
insulin-producing beta-cells was obtained. The results 
indicated that 82 ± 2.5 % of the single cells prepared 
from human islets were insulin-producing beta-cells. 

The transducing capacity of the lentiviral prepara- 
tion in human islet beta-cells was first assayed quanti- 
tatively using lenti-GFP virus [5]. Single islet cells 
were prepared from human islets and plated in polyl- 
ysine-coated 6 or 12- well plates and infected over- 
night with lenti-GFP viral particles at a MOI of 2.5. 
The infected human islet cells were examined under 
the fluorescence microscope every day. Green cells 
started to appear 2 days after infection. Five days af- 
ter infection, the number of green cells reached its 
maximum. 909 cells in seven groups were counted 
and the average percentage of green (infected) islet 
cells was 68 + 2.6 % (data not shown). In order to 
quantitate the infection efficiency of beta-cells, cells 
were fixed with 4% paraformaldehyde and analysed 
by immunofluorescent assay using a guinea pig anti- 
porcinc insulin antibody which is cross reactive 
against human insulin. Rhodamine-Red conjugated 
donkey anti-guinea pig IgG was used as the second 
antibody The plate was examined using fluorescence 
microscopy for red (beta-cell) and green (lenti-GFP 
infected) cells, and photographed. If one cell was 
both red and green, it was a lenti-GFP infected beta- 
cell. 360 cells were counted in six separate fields. As 
illustrated in Figure 1, 62 ±1.8% of the beta-cells 



(red cells in Fig. A) were transduced by lenti-GFP vi- 
ral particles and expressed green fluorescent protein 
(green cells in Fig. B). Double exposure rendered len- 
ti-GFP infected beta-cells orange and clearly distin- 
guishable from the uninfected beta-cells (Fig.lC). 
Since integration is a necessary step for the expres- 
sion of transgencs delivered' by both retroviral and 
lentiviral vectors [4] t these results indicated that the 
lentiviral particles could deliver and integrate the 
GFP reporter gene into the genome of adult human 
beta-cells efficiently. 

Although beta-cells are differentiated endocrine 
cells and do not proliferate in culture, a recent study 
on beta-cell regeneration suggested that differentiat- 
ed beta-cells still possess the potential to replicate 
and divide under certain conditions [8], To exclude 
the possibility that those infected beta-cells were di- 
viding at the time of infection, human islet cells were 
then infected with a retroviral vector which only 
transduces dividing cells and the results were com- 
pared with that of the lentiviral vector which trans- 
duces both dividing and non-dividing cells. MFG- 
LacZ viral particles were prepared from retroviral 
producer cells, CRIP/MFG-LacZ (a gift from Dr. 
R.C. Mulligan). 293T cells were used as a control of 
dividing cells in this experiment. 293T cells and single 
human islet cells were infected with lentiviruses and 
retroviruses separately with the same MOI of 2.5. 
293T cells were stained with X-gal 3 days after infec- 
tion and the human islet cells were stained after 
5 days. Uninfected cells were stained as negative con- 
trols. Figure 2 shows that lentivirus can transduce 
both 293T cells (dividing cells) and isolated human is- 
let cells (non-dividing cells) and retrovirus can only 
transduce dividing 293T cells. The results clearly indi- 
cate that the human islet beta-cells infected by len- 
tiviruses were non-dividing cells. 

Discussion 

Our long-term goal is to establish conditionally im- 
mortalized, non-immunogenic human islet beta-cell 
lines that can ultimately be used for transplantation 
therapy of diabetes mellitus. As an initial step to- 
wards this goal, we have shown that a lentiviral ex- 
pression system successfully delivered the GFP and 
LacZ reporter genes into single non-dividing human 
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Fig. 2. Viruses were prepared and titrated. Single human islet 
cells (CD) and 293T cells (A,B) plated in polylysine-coated 
6-we!l plate were infccied overnight with viruses (A and C for 
Icnti-lacZ, B and D for retro-lacZ) at MOI of 2.5 in CMRL- 
1066 medium supplemented with polybrene (8 ng/ml). The 
medium was replaced, the cells further incubated, and expres- 
sion of /3-galactosidase scored by X-Gal staining 5 days after 
infection. Cells were photographed with a research microscope 
under phase-contrast. Different groups of cells are shown in 
each photograph (100 x ). A, 293T cells infected with lentivi- 
ral-IacZ. B, 293T cells infected with retroviraUacZ. C, human 
islet cells infected with Icntiviral-IacZ. D, human islet cells in* 
fected with retroviral-lacZ 



islet beta-cells in vitro. Since it has been well estab- 
lished in retrovirus that integration is an obligatory 
step for retroviral gene expression [4], our results 
also demonstrate that the delivered reporter genes 
were integrated into the genome of adult human islet 
beta-cells. 

This is the first time that adult human islet beta cells 
have been successfully transduced with an integrating 
vector. Fetal human islet cells have been successfully 
transduced with retroviral vectors, since these imma- 
ture islet cells are still proliferating [9]. However, the 
incomplete differentiation and extremely limited 
availability of these cells make their use impractical 
for generating sufficient quantities of genetically engi- 
neered beta cells for ultimate clinical application. 

The integrating three-plasmid lentiviral system 
shown in this report to transduce adult human beta 
cells has been shown previously to transfer genes 
into adult rodent eye and brain in vivo [6,10]. Howev- 
er, since genes deleted from lentiviral vectors may be 
superfluous for nuclear transport of the preintegra- 
tion complex in some cell types, but essential in oth- 
ers, the ability of such vectors to transduce a given 
cell type must be empirically determined for each 
cell type. Similarly, the duration of expression of 
such vectors must be individually assessed in each tis- 
sue type. The expression of the lentivirus vector has 
been detected in neurons for up to 6 months [5]. 
This suggests that unlike retroviral vectors whose ex- 
pression is silenced due to integration into a region 
of the host genome where transcription is downregu- 



lated [11], integrating lentiviral vectors may over- 
come the problem of gene silencing by integrating 
into stably open chromatin. The duration of trans- 
gene expression in adult human beta cells transduced 
with this vector remains to be determined and cannot 
be assumed a priori. 

The two major obstacles to using adult human beta 
cells as transplantation therapy for diabetes mellitus 
are (a) the need to avoid the use of toxic immunosup- 
pressive drugs to prevent allograft rejection (and in 
Type 1 patients, autoimmune disease recurrence), 
and (b) the need to provide much larger amounts of 
donor human tissue than are currently available 
from cadaveric sources [3]. The data obtained in this 
study demonstrate that adult human beta cells can 
now be successfully transduced with integrating len- 
tiviral vectors, making it possible for the first time to 
optimize genetic engineering strategies to render 
beta-cell allografts non-immunogenic and to create 
stable, conditionally immortalized beta-cell lines for 
eventual clinical application. 
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